Background-Understanding the extent to which HIV burden differs across communities and the drivers of local disparities is critical for an effective and targeted HIV response. We assessed community-level variations in HIV prevalence, risk factors, and treatment and prevention service uptake in Rakai, Uganda.
Introduction
Increasingly, funders of HIV treatment and prevention programs are calling for targeted approaches which focus on geographic areas and populations at highest risk so that limited resources may have greatest impact. 1 Correspondingly, attention has focused on the utility of HIV epidemiologic data at finer levels of scale to inform targeted responses, with granularity becoming a watchword within the field of HIV. 2, 3 However, most population-based studies in sub-Saharan Africa utilize sparsely collected HIV surveillance data at national administrative unit scales, limiting the reliability and depth of inferences which can be made regarding local HIV epidemics. [3] [4] [5] Finer resolution, population-based epidemiologic data may provide a more nuanced understanding of sub-national HIV epidemics. For example, community-level surveillance may reveal "hotspots" (i.e. geographic areas with significantly higher HIV prevalence), important population-level differences in sexual behaviors, or critical gaps in HIV service coverage. Such data may explain why HIV epidemics in some regions have not substantially declined despite significant scale-up of HIV services nationally, as may be the case in Uganda. 6 Lake Victoria ( Figure 1A) . Kampala, the capital of Uganda, is ~150km northeast of the Rakai District. The Rakai region has two primary highways, one connecting Kampala to Tanzania and the Trans-African Highway which connects Kampala to the Congo.
The Rakai Community Cohort Study (RCCS)-Conducted by the Rakai Health
Sciences Program (RHSP), the RCCS is an open, population-based cohort established in 1994. 10 The RCCS currently surveys individuals aged 15-49 in 40 community clusters in and near Rakai District. Agrarian and trading community boundaries were established in 1994 as part of a community-randomized trial on treatment of sexually transmitted infections for HIV prevention. 10 In 2011, the four largest Lake Victoria fishing communities in the Rakai region were added to the RCCS based upon their proximity and access to Rakai District's non-fishing community populations.
To identify eligible cohort participants in these study communities, the RCCS first conducts an informational community mobilization event. A census is then performed as follows: All households within the community clusters are systematically approached, household GPS coordinates are recorded, and all resident household members are enumerated by gender, age, and duration of residence, regardless of whether they are present or absent at the time of the census. RCCS eligibility requires residency for at least six months in agrarian and trading communities and 1 month with intention to stay longer in fishing communities. After the census, the RCCS enrolls eligible participants in central community locations ("hubs"). Eligible participants who are not captured at the hubs are then approached at their household to request their participation. If needed, up to two return visits are made to the household to enroll eligible participants.
For all participants who provide written informed consent, the RCCS conducts interviews to assess demographics, sexual and health-seeking behaviors, and HIV service uptake. Following the interview, free HIV testing is performed using a three rapid test algorithm with participants offered results and post-test counseling by on-site counselors. For most of these analyses, unless otherwise noted, RCCS data from a single survey conducted between August 10, 2011 and May 30, 2013 was used. This was the first RCCS survey to include the four fishing communities, thus representing their baseline assessment. This RCCS survey also included 27 agrarian communities and 9 trading center communities located on or near the main highways. Communities were classified as trading centers if the proportion of their population reporting trading as their primary occupation was in the top quartile among all RCCS communities: within this community stratum, 16-36% of the surveyed population listed trading as their main occupation and all known major trading centers within Rakai District were included. Antiretroviral therapy (ART) and male circumcision services have been provided since 2004 and 2007, respectively, to RCCS trading and agrarian communities by the RHSP through support from the U.S. President's Emergency Plan for AIDS Relief (PEPFAR). Beginning in 2011, the RHSP provided combination HIV prevention and treatment services in the four fishing communities in conjunction with their initial RCCS survey. Previously, some service coverage in these fishing communities had been provided by other non-government organizations.
Statistical Analysis
Mapping HIV prevalence and case counts in the Rakai region-A hierarchical Bayesian modeling framework was used to estimate and map (1) HIV prevalence and (2) the number of persons living with HIV throughout the Rakai District and neighboring areas (Fig.1A ). Maps were generated using three data sources: the RCCS, the Ugandan Demographic Health Survey (DHS), and the WorldPop database. 11 Specifically, we used RCCS household GPS and HIV serostatus information from RCCS participants residing in the 40 communities included in the 2011-2013 RCCS survey period. Data from three additional RCCS communities (all agrarian) included in a prior RCCS survey period (September 21, 2010 to November 26, 2010) but subsequently dropped from the RCCS due to financial constraints were included in the mapping analysis in order to improve estimates of HIV prevalence and case counts in the western region of the Rakai District where data were more sparse (Fig. 1A) . Cluster-level GPS and weighted HIV serostatus data from the DHS conducted in Uganda in 2011 were also included. DHS clusters in the Rakai region did not geographically overlap RCCS communities. RCCS and DHS data were used in combination to estimate HIV prevalence and then were combined with WorldPop data, which provides high spatial resolution population density estimates, to estimate the number of people living with HIV.
To examine fine-scale spatial variation in prevalence and the number of people living with HIV within the region, the region was divided into 1km 2 grid cells, excluding grid cells entirely covered by water or with a population density of 0 in the Worldpop dataset. HIV prevalence in each grid cell was modeled using a logistic regression with log 10 distance to the Lake Victoria shoreline used as a covariate. The logistic regression included a spatially autocorrelated random effects term modeled by a conditional autoregressive (CAR) distribution with a flexible spatial dependence parameter to account for overdispersion and spatial autocorrelation in HIV infection status. [12] [13] [14] This binomial-logistic hierarchical model was implemented using Stan 2.8.0. 15 Comparing HIV burden, risk factors, and service uptake in the RCCS-We also compared HIV burden (i.e., the estimated numbers of people living with HIV), risk factors, and HIV service utilization using data at the individual and community levels from the 2011-2013 RCCS survey from the three community strata (agrarian, trading, and fishing). We first obtained estimates of gender and age-specific HIV prevalence in five-year age groups using Poisson regression models separately for each of the three community types. Next we compared the prevalence of high risk sexual behaviors, genital ulcer disease, HIV, self-reported ART use in people living with HIV, male circumcision status in non-Muslim males to assess uptake of circumcision for HIV prevention services between individuals residing in the three strata separately by gender, using age-adjusted modified Poisson regression models with the relative prevalence and 95% confidence intervals (CI) reported as adjusted prevalence risk ratios (PRR). In a sensitivity analysis, we used inverse probability weighting to account for potential differences associated with study participation. Inverse probability weights were constructed using a logistic regression model and RCCS census data on the age, gender, and community-stratum (e.g., agrarian, fishing, and trading) of participants and non-participants. Lastly, we measured community-level coverage of ART use among people living with HIV and male circumcision in non-Muslim males using aggregated self-reported data for each of the 40 communities, and compared the median community coverage estimates between the three community strata using a non-parametric Wilcoxon rank sum test.
Role of the funding source
The funders of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The co-first authors had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results

Study population and demographics
The RCCS surveyed 17,119 individuals (54% female) in 27 agrarian communities (n=9931), 9 trading communities (n=3318), and 4 Lake Victoria fishing communities (n=3870) between August 10, 2011 and May 30, 2013. The median community sizes were 311 participants (IQR: 213-480) in agrarian, 309 participants (IQR: 173-502) in trading, and 899 participants (IQR: 694-1227) in fishing communities. Average community-level participation was 70% (standard deviation ±9.0%) of the censused eligible population. At time of survey, 99% of eligible individuals present agreed to participate. Of those individuals who were eligible by census but who did not participate in the survey (n=8,090), 97% were away for work or school, 59% of whom were men. These missing individuals were significantly more likely to be younger (PRR=0.98, 95%CI: 0.97-0.98, per year of age), male (PRR=1.41; 95%CI: 1.35-1.48), and residents of trading communities (reference: agrarian residents; PRR=1.49, 95%CI: 1.42-1.57). The likelihood of study participation was marginally higher in fishing communities compared to agrarian communities (PRR=1.11; 95%CI: 1.04-1.18).
The demographic composition of agrarian, trading and fishing communities was substantially different (Table 1) . Individuals in fishing communities were more likely to be males (52%), of prime working age (20-39 years), previously married, and less formally educated compared to persons residing in either agrarian or trading communities. In fishing communities compared to other community types, women were more likely to be involved in bar and restaurant work, and men in fishing-related occupations.
Community and spatial variation in HIV burden
There was large variation in community HIV prevalence, ranging from 9% to 43%, across RCCS communities. Fishing communities had a significantly higher median HIV prevalence (41%, range: 37-43%) compared to trading (17%, range: 11-22%) and agrarian communities (14%, range: 9-26%) (Fig. 1B) . In a sensitivity analysis using inverse probability weighting to account for differences in study participation, weighted community HIV-prevalence estimates were not statistically different from the observed estimates shown in Figure 1B (Supplementary Fig. 1 ). An interpolated map of HIV prevalence throughout the Rakai region revealed very high HIV prevalence along Lake Victoria and patchy HIV prevalence in the interior of the district with areas of intermediate to high HIV prevalence frequently adjacent to areas with relatively low HIV prevalence (Fig 1C) . While the highest HIV prevalence areas were found along the Lake Victoria coast, the preponderance of people living with HIV were concentrated inland within major trading centers on the international highways where population density is greatest (Fig 1D) .
HIV prevalence in young women (15-24 years) and men (20-29 years) in fishing communities was high relative to those residing in other Rakai communities (Figure 2) . In fishing communities, the peak HIV prevalence among women was 62% (95%CI: 56-68%) aged 35-39 years and among men 45% (95%CI: 41-50%) aged 30-34 years.
Prevalence of HIV-related risk factors
Higher levels of HIV risk behaviors were observed in communities with higher HIV prevalence (Tables 2A-B) . The proportion of sexually active adults and the prevalence of high risk sexual behaviors in both men and women were significantly higher in fishing communities, intermediate in trading communities, and lowest in agrarian communities. For example, 22% of all sexually active women in the fishing communities reported multiple sexual partnerships in the last year compared to 12% (adjPRR=2.12; 95%CI: 1.65-2.75) of women in trading communities and 7% (adjPRR=3.15, 95%CI: 2.71-3.68) of women in agrarian communities. Findings were similar when analyses were restricted to married women only (Table 2A) . Overall, sexually active men (39%; n=2532/6437) were more likely to report multiple sexual partnerships in the last year than were women (11%; n=855/7718). More men in fishing communities (61%) had multiple sexual partnerships than men in trading communities (45%; adjPRR=1.36, 95%CI: 1.22-1.52) and men in agrarian communities (33%; adjPRR=1.85, 95%CI: 1.67-2.06). The proportion of married men reporting non-marital partnerships was also higher in fishing and trading communities than agrarian communities. Male and female self-reported consistent condom use with nonmarital partners was low in all communities (Tables 2A and B) , and significantly lower among men in fishing communities compared to either trading or agrarian communities. Findings did not change substantially when analyses were stratified by HIV serostatus: men and women in fishing communities had elevated risk behaviors regardless of whether they were HIV-infected or not (Supplemental Tables 1A-B, 
Individual and community-level coverage of ART and male circumcision
At the individual-level, fishing community residents were significantly less likely to report ART use and non-Muslim men in these communities were less likely to report being circumcised compared to individuals in agrarian or trading communities (Tables 2A-B ). At the community-level, ART coverage among people living with HIV ranged from 7 to 61% and male circumcision coverage ranged from 3 to 55%. Community ART coverage was highest in trading communities (median=40%, IQR=23-43%), compared to 31% in agrarian communities (IQR=26-38%) and 15% in fishing communities (IQR=12-17%). Community male circumcision coverage was significantly higher in trading (median=41%; IQR=38-43%) and agrarian communities (median=33%; IQR=29-39%) compared to fishing communities (median=18%; IQR=16-20%). Overall, communities with higher ART coverage also tended to have higher male circumcision coverage (Spearman correlation coefficient=0.337; p=0.010, Figure 3 ).
Discussion
An analysis of the HIV epidemic in Rakai, Uganda demonstrated substantial heterogeneity in HIV prevalence, risk factors, and service coverage. In particular, Lake Victoria fishing communities were notable for their high HIV burden, high risk behaviors, and low use of combination HIV prevention services. This is the first study, to our knowledge, which directly compares HIV epidemiology and service uptake between fishing and inland communities using population-based data.
The median HIV prevalence in the four RCCS fishing communities (41%) is higher than prior reports from similar communities on Lake Victoria (range: 20-37%). [16] [17] [18] [19] [20] The HIV burden in many agrarian and trading communities in this study was also substantial, and these communities, which had larger populations, had the greatest numbers of people living with HIV. Notably, there was also marked variation in HIV prevalence within agrarian and trading community types, an indication of the difficulty in defining characteristics which can clearly identify higher risk communities.
While high levels of HIV behavioral risk factors were seen in all study community strata, consistent with previous reports, [21] [22] [23] fishing communities were notable for their significantly higher rates of risk behaviors. 16, 24 With complex structural factors affecting fishing communities (e.g. a recently built fish factory and improved road infrastructure likely attracted a large influx of migrants) and the recent scale-up of HIV prevention and treatment services, ongoing research will be needed to understand the evolving HIV epidemic in these local settings.
UNAIDS, WHO, PEPFAR, and Global Fund have called for targeting resources to populations with the greatest need, i.e. a population-location approach, based in part on the assumption that high prevalence hotspots disseminate infection into lower-risk populations. 1, 3, 25 This study found that fishing communities were HIV hotspots compared to most inland communities. However, it is unclear how many infections are transmitted from these hotspots to lower-risk populations. Importantly, we found that the highest burden of HIV in terms of case counts for people living with HIV were located in the larger, lower-risk populations. Where need is greatest could be defined by high HIV seroprevalence (i.e., a hotspot focus) or by high HIV case counts (i.e., the largest populations of people living with HIV). How best to target limited resources remains unclear and model-based and empiric impact evaluations are needed. We believe there is a clear HIV public health emergency in fishing communities which demands urgent action, but the HIV service needs of relatively lower prevalence populations with numerically larger caseloads should not be neglected.
ART and male circumcision coverage were significantly lower in fishing communities, likely in part because these populations had poor access to HIV services prior to 2011. In contrast to the fishing communities, the highest HIV service coverage was in trading centers, which likely had greater access to HIV services. In 2011, Uganda changed its national ART guidelines to include fisherfolk as a key population eligible to receive ART at time of diagnosis irrespective of CD4 count, i.e., Test and Treat. 26 The effectiveness of this targeted approach in increasing ART coverage and its impact on HIV transmission needs empirical evaluation.
In this study, detailed epidemiologic data were available to provide an in-depth understanding of a multifaceted HIV epidemic, an understanding which would have been obscured by district-or national-level aggregate statistics. While requests for granular HIV data have been made, 2 it remains unclear how finely resolved such data should be, what resources are required to implement detailed HIV surveillance at scale, and the impact of targeting interventions based upon these detailed data. 25 For example, this study provides more granular data than the recent "location-population" UNAIDS report which used first and second subnational administrative data only. 3 As a consequence, we believe that our inferences regarding the HIV epidemic in this part of south-central Uganda are more detailed and may help programs develop focused, community-specific responses. Given that many other regions of sub-Saharan Africa also contain diverse community types in close proximity, these findings also have broader relevance. Further research on HIV heterogeneity in other settings and how these differences impact HIV epidemic dynamics would be informative.
This study has a number of limitations. First, communities and participants in the cohort may not be fully representative of the regional HIV epidemic and treatment and prevention estimates may not accurately reflect levels of heterogeneity in other national epidemics. However, this study's participation rates are comparable or higher than in similar community cohort studies in Africa, 27, 28 cohort findings are largely consistent with Uganda DHS data on HIV prevalence and risk factors for the larger south-central region of Uganda, 29 and other countries appear to have similarly complex HIV epidemics. 30 This study also utilized selfreports of behaviors, ART, and male circumcision which may be subject to respondent desirability bias. Additionally, for this analysis, we used cross-sectional survey data collected over a two year period and results may have been subject to secular changes. Finally, interpolation of HIV prevalence and case counts required assumptions and inferences on missing data.
In conclusion, this detailed epidemiologic study of an HIV epidemic in the Rakai region highlights the marked diversity in HIV disease burden, sexual behaviors, and treatment and prevention service coverage existing across communities in relatively close proximity. The extensive heterogeneity in the HIV epidemic likely has critical implications for targeted treatment and prevention programs in sub-Saharan Africa. Most notably, our analysis showed that Lake Victoria fishing communities have significantly higher HIV prevalence and risky sexual behaviors compared to agrarian and trading communities but have had limited coverage of the necessary health services required to reduce their high HIV burden. Our findings indicate the need for strong local HIV surveillance programs, a better understanding of the HIV transmission links between high-risk and lower-risk populations, and evaluation of targeted HIV interventions.
Research in context
Evidence before this study
We searched PubMed for studies on longitudinal HIV cohort studies which included fishing communities in sub-Saharan Africa published up to April 21, 2016 . Key search terms included "HIV or AIDS", "COHORT or OBSERVATIONAL", "FISHING", and "AFRICA". No language limitation was placed. A small number of studies were found reporting high levels of HIV seroprevalence and risk factors in fishing communities, but none used population-level data to compare findings directly with inland communities. Given study heterogeneity, no meta-analyses was performed. No comparable analysis from this particular cohort has been reported since the early 1990's.
Added value of this study
This study provides an update on HIV epidemiology in the Rakai Community Cohort Study (RCCS), one of few large population-based studies of HIV in sub-Saharan Africa. The RCCS has been ongoing since 1994, and today surveys ~17,000 individuals in 40 communities. Community-level HIV burden and risk factor distributions in the RCCS were first reported at its inception. Since that time, the RCCS has expanded its surveillance to include Lake Victoria fishing communities, a key population. In this study, we reexamine HIV epidemiology in the RCCS more than 20 years after its founding using highly granular data obtained at the community and household-levels. We show that within a single region in Uganda there exists extensive heterogeneity in HIV disease burden, behavioral risk factors, and service coverage. In addition, our analyses of the HIV epidemiology in Lake Victoria fishing communities, for the first time, uses populationlevel data to directly compare these key populations with inland communities in subSaharan Africa.
Implications of all the available evidence
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